The particulate hepatitis core protein (HBcAg) represents an efficient carrier platform with many of the characteristics uniquely required for the delivery of weak immunogens to the immune system. Although the HBcAg is highly immunogenic, the existing HBcAg-based platform technology has a number of theoretical and practical limitations, most notably the "preexisting immunity" and "assembly" problems. To address the assembly problem, we have developed the core protein from the woodchuck hepadnavirus (WHcAg) as a new particulate carrier platform system. WHcAg appears to tolerate insertions of foreign epitopes at a greater number of positions than HBcAg. For example, both within the external loop region and outside the loop region a total of 17 insertion sites were identified on WHcAg. Importantly, the identification of an expanded number of insertion sites was dependent on additional modifications to the C terminus that appear to stabilize the various internal insertions. Indeed, 21 separate C-terminal modifications have been generated that can be used in combination with the 17 insertion sites to ensure efficient hybrid WHcAg particle assembly. This combinatorial technology is also dependent on the sequence of the heterologous insert. Therefore, the three variables of insert position, C terminus, and epitope sequence are relevant in the design of hybrid WHcAg particles for vaccine purposes.
The hepatitis B virus (HBV) core protein is a 21-kDa polypeptide, and 240 polypeptides spontaneously assemble into a particulate structure (HBcAg) (27 nm) in the course of virion assembly and during heterologous expression in both prokaryotic and eukaryotic systems. Recent crystallographic studies have elucidated the structure of HBcAg particles to a resolution of 3.3 Å (28) . Dimers that align along the long vertical ␣-helical axis comprise the subunits of the particle. Dimer clustering of subunits produces spikes on the surface of the core shell which consist of radial bundles of four long ␣-helices. Previous studies have suggested that the immunodominant B-cell epitopes on HBcAg are localized around amino acids (aa) 76 to 82 (21, 24) , which the structural studies showed formed an external loop that connected adjacent helices. Recent cryoelectron microscopy studies defined several B-cell epitopes localized within the external loop region as well as at least one B-cell epitope outside the loop region (1) .
The immunogenicity of heterologous insertions in the loop region of HBcAg suggested that the inherent immunogenicity of the native HBcAg B-cell epitopes could be successfully "transferred" by placement of heterologous epitopes in the same position as the native dominant epitopes (i.e., at the tip of the spikes). It appears that the spacing of the spikes on the HBcAg shell is optimal for binding and cross-linking the naïve B-cell membrane immunoglobulin G (Ig) receptor (11, 14) . Therefore, B cells appear to be the primary antigen-presenting cell (APC) for HBcAg (10, 14) . A number of pathogen-specific B-cell epitopes (i.e., epitopes for HBV, human immunodeficiency virus type 1 [HIV-1], foot-and-mouth disease virus, human rhinovirus type 2, bovine leukemia virus, feline leukemia virus, HCV, Plasmodium berghei, P. yoelii, P. falciparum, murine cytomegalovirus, poliovirus type 1, and simian immunodeficiency virus) have been inserted by recombinant methods into HBcAg as a method to increase immunogenicity (16, 18) . These studies, conducted in a number of independent laboratories, have yielded significant success, including complete protection against foot-and-mouth disease virus (6) , P. berghei (26) , and P. yoelii (25) ; these latter three studies prove that neutralizing B-cell epitopes presented in the context of HBcAg can elicit protective immunity.
Although HBcAg is a highly immunogenic particulate antigen, the existing HBcAg-based platform technology is plagued with a number of biochemical and immunological problems that may limit its full potential as a vaccine carrier for the human population. The two main limitations of the current HBcAg platform technology can best be described as the "preexisting immunity" problem and the "assembly" problem. Because HBcAg is derived from a human pathogen, preexisting anti-HBc antibodies are present in individuals previously exposed to HBV infection which are likely to immune complex with an HBcAg-based vaccine and may adversely affect immunogenicity. Further, the anti-HBc antibodies elicited by an HBcAg-based vaccine will compromise the usefulness of the anti-HBc assay currently employed as a diagnostic for current or recent HBV infection. Most importantly, T-cell immune tolerance towards HBcAg is present in individuals chronically infected with HBV (400 million globally). Because the rodent hepadnaviruses are not human pathogens, the "preexisting immunity" problems may be overcome by using, for example, the woodchuck hepatitis virus core antigen (WHcAg) or the ground squirrel hepatitis core antigen (GScAg) as a vaccine platform. In fact, recent studies have demonstrated that the rodent core proteins can serve as competent vaccine carrier platforms and, importantly, are not significantly cross-reactive with the HBcAg at the antibody level and only partially cross-reactive at the level of Th cell recognition (2) . The lack of significant immune cross-reactivity between the rodent hepatitis core proteins and HBcAg suggests that their use as vaccine platforms will circumvent the "preexisting immunity" problems. Therefore, we have chosen the rodent hepadnavirus core proteins and, more specifically, WHcAg as a candidate vaccine platform to address the second "assembly" problem.
It is commonly acknowledged among investigators who use HBcAg as a vaccine platform that less than 50% of selected foreign sequences can be successfully inserted into HBcAg (8) . This high failure rate is believed to be due to destabilization of particle assembly caused by inserting foreign sequences. Many parameters can affect the expression level and/or the correct assembly of hybrid core particles. Recent analysis of biochemical-biophysical properties of several proposed heterologous inserts revealed that parameters such as length, high hydrophobicity, high ␤-strand index, or large volume may impede the proper assembly-folding of chimeric core particles (9) . The "assembly" problem is so severe that several groups working with HBcAg (8) or with other virus-like-particle (VLP) technologies (i.e., the L1 protein of the human papillomavirus) (3) have opted to chemically link the foreign epitopes to the wildtype (wt) VLPs as opposed to inserting the epitopes into the particles by recombinant methods. Chemical linkage of heterologous epitopes to VLPs may compromise a number of the advantages inherent in the recombinant hybrid particle technology. For example, chemical linkage will result in less than the 100% substitution achieved with the recombinant method, chemical linkage is not as reproducible, making manufacture difficult and more expensive, and in our experience, chemical linkage results in inferior immunogenicity compared to recombinant hybrid core particle results. Therefore, we have addressed the "assembly" problem by developing a so-called "combinatorial" technology using WHcAg as a new particulate carrier system. We demonstrate that (i) WHcAg appears to tolerate insertions of foreign epitopes at a greater number of positions (i.e., 17) than HBcAg both inside the external loop region (i.e., aa 76 to 82) and outside the loop region; (ii) the identification of an expanded number of insertion sites depended on developing 21 modifications to the C terminus that stabilize the various internal insertions and can be used in combination with the 17 insertion sites to ensure efficient hybrid WHcAg particle assembly; and (iii) the optimal combination of insertion site and stable C-terminal modification of WHcAg is also dependent on the sequence of the inserted epitope, and the charge of the insert sequence appears to be a very important variable.
MATERIALS AND METHODS
Construction and expression of recombinant hybrid WHcAg particles. Fulllength WHcAg (aa 1 to 188) (NCBI accession no. NC_004107) was expressed from the pUC-WHcAg vector under the control of the Lac operon promoter inserted between the NcoI-BamHI sites for further convenient subcloning. All the epitope sequences used in this study have been designed specifically to encompass unique restriction sites at both the 5Ј and 3Ј ends.
Creation of insertion sites. All insertions were accomplished by using the EcoRI-XhoI or SacI sites, with only the position of the insertion differing between constructs (Fig. 1A) . Briefly, we have designed specific pairs of primers: one of the primers (forward or reverse) matches the exact sequence of the wt WHcAg gene and encompasses the restriction site RS1 (for example, SacI) and includes mismatches designed to encode two new restriction sites (EcoRI-XhoI); the other primer was homologous to the wt WHcAg gene and spanned the RS2 (for example, BseAI) restriction site. PCRs were performed using the forward-RS1-EcoRI-XhoI and the reverse RS2 as primers and the wt WHcAg plasmid as the template according to the procedure recommended by the manufacturer (La Roche). The resulting PCR product and the WHcAg wt plasmid were then digested by RS1-RS2 and ligated with T4 DNA ligase to create the new WHcAg with the corresponding insertion site. The EcoRI and XhoI restriction sites used in this study created the linkers Gly-Ile-Leu on the N terminus and Leu-Glu on the C terminus of the insert.
Modifications of the C terminus. We have created a library of C-terminal modifications to eliminate certain motifs (e.g., RNA/DNA binding motifs) and to accommodate the addition of other spacer sequences. The new C termini have been modified by designing oligonucleotides encoding the sequence of interest and flanked by 5Ј BseAI and 3Ј BamHI sites as a general pattern (Fig. 1B) . Both the wt WHcAg gene and the pair of oligonucleotides were digested by the BseAI-BamHI sites and then ligated to replace the corresponding native fragment on the WHcAg wt plasmid. All the core constructs (insert sites and C termini, with or without foreign sequences) have been sequenced in both Screening and characterization of hybrid WHcAg particles. The transformed bacteria were grown overnight at low temperature (28°C) to avoid inclusion body formation before the expression of the protein was induced by addition of IPTG (isopropyl-␤-D-thiogalactopyranoside) (1 mM for 4 h). The bacteria were lysed in a lysozyme-salt solution containing protease inhibitors. The resulting supernatant was precipitated overnight in the cold with 10 to 50% ammonium sulfate. Bacterial lysates were then screened for levels of protein expression, hybrid WHcAg particle assembly, and epitope antigenicity. Briefly, lysates were sequentially screened in capture enzyme-linked immunosorbent assays (ELISAs) designed either to detect the WHcAg polypeptide by use of a monoclonal antibody (MAb) (2221; Institute for Immunology, Tokyo University, Japan) specific for a peptide epitope (aa 129 to 140) on WHcAg (anti-pWHc) as a marker of protein expression or to detect the WHcAg particle by use of an antibody specific for a conformational epitope on WHcAg (anti-nWHc) as a marker for assembly. This polyclonal BALB/c anti-nWHc antibody only binds particulate WHcAg, and even mild denaturation of WHcAg destroys anti-nWHc antibody binding ( Fig. 2A) . Insert-specific antibodies (not sensitive to reduction-denaturation) were used to assess the expression level and antigenicity of the various inserts ( Fig. 2A) . The capture antibody was peptide specific and noncompetitive with the detecting antibodies. The levels of core protein expression and assembly competence detected in the capture ELISAs were assigned relative values (units) based on comparison with anti-pWHc and anti-nWHc antibody binding to wt WHcAg (see Fig. 6 ): for example, a value of 5 ϭ wt binding (i.e., maximum binding level); 4 ϭ 5ϫ less than wt binding; 3 ϭ 25ϫ less than wt binding; 2 ϭ 125ϫ less than wt binding; 1 ϭ 625ϫ less than wt binding; 0 ϭ no binding. "ϩ," "Ϯ," and "Ϫ" correspond, respectively, to the relative scores of 5 to 3, 2 to 1, and 0. Based on relative expression level, assembly, and insert antigenicity detected in the lysates, optimal hybrid particle gene constructs were selected for further purification (Fig. 2B ). The selected proteins were then purified through hydroxyapatite followed by gel filtration chromatography on Sepharose 4B columns as previously described (24) . We have observed a 100% correlation between anti-nWHc antibody binding and the ability to purify over 50 hybrid WHcAg particles. A typical chromatograph profile is shown in Fig. 3A , demonstrating that the native or hybrid WHcAg particle is recovered from the second peak (arrow). Following this purification, each newly purified particle is then electrophoresed on a 1% agarose gel and on a 15% Tris-glycine gel under reducing (␤-mercaptoethanol) and denaturing (sodium dodecyl sulfate) conditions to confirm the particulate structure ( Fig. 3B ) and the expected apparent molecular weight of its constitutive monomer (Fig. 3C) , respectively. Finally, the purified particles are reanalyzed in the same capture ELISAs used to determine particulate structure and level of protein expression and the antigenicity of the insert in the lysate (Fig. 3D) .
Removal of endotoxins. Endotoxin was removed from the core preparations by a modification of a phase separation method with Triton X-114 (13) . A solution of the protein at a concentration of 5 mg/ml was made a 1% Triton X-114 and incubated at 4°C for 30 min with constant stirring. The solution was then incubated at 37°C for 10 min and then centrifuged at 20,000 ϫ g for 10 min. The protein solution was recovered from above the detergent. This procedure was repeated four times. Finally, the protein was precipitated by lowering the pH to 5, whereas residual detergent remained in solution. The protein was recovered by centrifugation and dissolved in endotoxin-free buffer. Prior to Triton X-114 treatment the core preparations contain approximately 10 to 25 ng of endotoxin/g HBcAg, and after phase separation with Triton X-114 the endotoxin content ranged from 0.1 ng/g HBcAg to an undetectable amount, as determined by a QCL-1000 chromogenic Limulus amoebocyte lysate end point assay (Cambrex, East Rutherford, NJ).
Immunization of mice. Groups of three to five female mice (either bred at the Vaccine Research Institute of San Diego, CA or obtained from Jackson Laboratories, Bar Harbor, ME) of various strains and approximately 6 to 8 weeks old were immunized intraperitoneally. Hybrid WHcAg particles (20 g, primary;
10 g, boost) were emulsified in incomplete Freund's adjuvant (IFA). Mice were bled preimmunization and at various times after primary and booster immunizations for anti-insert and anti-WHc antibody determinations. Anti-WHc or anti-insert antibodies were measured in pooled, murine sera by indirect solidphase ELISA using solid-phase wt WHcAg (50 ng/well) or insert peptide (0.5 g/well), and goat anti-mouse IgG (or IgG isotype-specific) antibodies were used as the secondary antibody. The data were expressed as the antibody titer
FIG. 2. (A) Capture
ELISAs were designed to detect either WHcAg polypeptide as a marker for expression or WHcAg particles as a marker for assembly in E. coli lysates. An MAb specific for a peptidic epitope on WHcAg is used as the detecting antibody to determine relative expression levels (anti-pWHc; bottom panel). A polyclonal antibody that recognizes only assembled particles (anti-nWHc) is used to determine relative assembly competence (top panel). The capture antibody is a noncompeting MAb specific for a peptidic epitope on WHcAg. Purified malaria-WHcAg hybrid particles were treated with the indicated concentrations of a reducing-denaturing buffer and analyzed in anti-pWHc and anti-nWHc capture ELISAs. A malaria M epitope-specific MAb (2A10) was used to detect the malaria repeat epitope, which was not sensitive to reduction-denaturation. (B) A bacterial lysate of a hybrid M-WHcAg particle was tested in capture ELISAs used to detect assembled particles (anti-nWHc) and levels of protein expression (anti-pWHc) and antigenicity (anti-insert; MAb 2A10). Antibody binding at the indicated dilution is expressed as optical density at 492 nm (OD 492 ).
representing the highest dilution yielding three times the optical density of the preimmunization sera. Synthetic peptides were synthesized by the simultaneous peptide synthesis method as previously described (22) .
RESULTS
Production of a library of insertion sites on WHcAg. To determine the tolerance of WHcAg for insertion of foreign sequences we systematically inserted a malaria (M) (P. falciparum) circumsporozoite (CS) repeat sequence [NANPNV DP(NANP)3] (15, 29) into a variety of positions on the WHcAg platform by use of recombinant technology. In addition to positions 77, 78, 81, and 82 within the loop region and the NH 2 and COOH termini, which are the sites previously used for HBcAg studies (19) , we have identified a number of other internal insertion sites inside (position 76) and outside (including positions 44, 71, 72, 73, 74, 75, 83, 84, 85, and 92) the loop region on WHcAg which tolerated insertions of the M epitope used here as an exemplar sequence (Fig. 4) . Tolerance for insertion of the M epitope was defined as the ability of the hybrid WHcAg particle to assemble and to detect the inserted epitope on the particle surface using an MAb specific for (NANP)3 (i.e., MAb 2A10). Note that positions 21, 66, 79, 80, 86, 91, and 96 on WHcAg did not tolerate insertions. Therefore, we have improved the core platform technology by FIG. 3 . (A) Typical gel filtration profile obtained after hydroxyapatite followed by Sepharose CL4B chromatography of hybrid WHcAg particles. The first peak represents the void volume, the hybrid WHcAg is recovered from the second peak (arrow), and the third peak corresponds to aggregates of dimers-monomers of hybrid WHcAg. (B) Migration of exemplar hybrid WHcAg particles through a 1% agarose gel. Note that the migration pattern differs depending on the C terminus, the insert position, and the epitope used. If particulate, the hybrid or wt WHcAg particles should migrate as a discrete band in native agarose (1%) gel electrophoresis. (C) Migration pattern through 15% Tris-glycine gel under denaturing (sodium dodecyl sulfate) and reducing (␤-mercaptoethanol) conditions of exemplar hybrid WHcAg particles. The expected size of the monomer of each hybrid WHcAg particle corresponds to the band of strongest intensity and is generally between 20 and 25 kDa, depending on the length of the hybrid WHcAg polypeptide. For epitope abbreviations, see Table 1 . (D) Hybrid WHcAg particles tested in capture ELISAs to detect assembled particles (anti-nWHc), level of protein (anti-pWHc), and antigenicity level (anti-insert; MAb14C2) after purification as described in Materials and Methods. The results obtained with an influenza A virus M2 hybrid WHcAg particle are shown.
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producing a relatively large library of 17 competent insertion sites on the WHcAg platform. The capability of WHcAg to tolerate insertions in a variety of positions is not unique to the M epitope; a list of other insert sequences that have been tested is shown in Table 1 . However, optimal insertion sites may differ depending on the insert sequence, as discussed below. Generation of a library of C-terminal modifications on WHcAg. Importantly, the expansion of the number of positions available for insertion of foreign epitopes was made possible by the generation of a library of C-terminal modifications to WHcAg which variably stabilize insertions at different positions. These modifications have been produced and comprise a very useful second library of 21 C-terminal modifications. Figure 5 lists the sequences of the various modified C termini. The C-terminal modifications were designed to eliminate RNA/DNA binding motifs (RRR/SPXX motifs), eliminate and/or replace prolines, replace the last five C-terminal amino acids, and eliminate or conserve nonhomologous regions between HBcAg and WHcAg. Wild-type or full-length WHcAg binds significant amounts of bacterial RNA/DNA, which is not desirable for a vaccine platform. We have been quite successful in eliminating RNA/DNA binding from these modified WHcAg particles, which bind little or no nucleic acid (data not shown).
Effect of C terminus on hybrid WHcAg assembly. In addition to the insert position, a second variable that influences hybrid WHcAg particle assembly is the C terminus of WHcAg protein. For example, the M epitope inserted at position 74 results in hybrid WHcAg particle assembly in the context of 10 different C termini; however, 5 C termini are nonpermissive for assembly with the M epitope at position 74 ( Table 2 ). The M epitope in position 78 appears less destabilizing, since most C termini, including all five of the C termini which were nonpermissive for this epitope inserted at position 74, are permissive. Therefore, nonpermissive C termini can be rescued by altering the insert position. Interestingly, the two nonpermissive C termini for the M epitope at position 78 are both permissive for the M epitope at position 74. This reciprocal relationship suggests that the mechanisms of destabilization caused by the M insert at positions 74 and 78 are different and can be stabilized by different C-terminal sequences. Other epitopes have been studied, although less extensively, and the results reveal that the HyW and HyW2 C termini appear to be significantly more permissive for a variety of inserted epitopes and positions than the 150C C terminus, i.e., the epitopes for cholesteryl ester transfer protein (CE), HV2, HV4, and the mutant M2 sequence lacking cysteine [M2(Ϫ)] ( Table 2 ). There are also examples of situations in which a limited number of the Cterminal modifications permit assembly. For example, C-Long is the only permissive C terminus for the insert outer membrane protein 1 (OMP-1), and the four other C termini tested could not rescue this epitope (Table 2 ). Note also that the OMP-1 sequence permitted assembly only when inserted in position 81 (see Table 3 ). This example demonstrates that the insert position and the C terminus of WHcAg both affect the assembly of the hybrid particle. Further, successful production Effect of position of the insert on hybrid WHcAg assembly. As noted above, the position of the inserted epitope within WHcAg can affect the ability of the hybrid WHcAg particle to assemble. As shown in Table 3 , the M epitope in the context of either the HyW or the HyW2 C terminus permitted assembly in most positions tested, with the exception of positions 21, 91, and 96. Similarly, positions 75, 76, 77, 78, 81, 82, and 83 were permissive in the context of the 150C C terminus. Note that position 74 was not permissive in the context of the 150C C terminus, but this position is "rescued" in the context of HyW/ HyW2 C termini. Similarly, position 78 is not permissive for assembly in the context of the 188C C terminus but is permissive in combination with HyW/HyW2 and 150C. Therefore, the position of the insert can affect assembly and nonpermissive insert positions can be rescued by combination with an alternate C terminus. This observation was not unique to the malaria insert, as other epitope sequences demonstrated even more dramatic positional effects, some of which could not to be rescued by altering the C terminus. For example, as shown in Table 3 , positions 81, 73, and 84 are singularly permissive for four different epitopes derived from the HCV E2 protein: HC5, HC6L, HC10, and HC8. Furthermore, the CE epitope can only be accommodated in position 73, whereas five other insert positions do not permit hybrid CE-WHcAg particle assembly regardless of the nature of the C terminus. Similarly for the OMP-1 epitope, only position 81 is permissive for hybrid WHcAg assembly. Table 1 depicts 24 (92.3%) of the 26 different epitope sequences tested that have been successfully incorporated into hybrid WHcAg particles. Note that the sequences differ in length and amino acid content. In summary, no single insertion position or C-terminal modification will permit assembly of all epitope sequences into hybrid WHcAg particles; therefore, a combinatorial approach is required to accommodate the largest number of putative epitopes. For example, Table 4 lists eight of the model epitopes that have been successfully incorporated into hybrid WHcAg particles and the optimal insertion position and C-terminal modification for each are shown. Note that for each of these eight epitopes, a different combination of insert position and C-terminal modification was necessary to achieve the optimal construction as defined by particle assembly, protein expression, insert antigenicity, yield of purified hybrid WHcAg particles, and immunogenicity.
Rapid screening technology. The approach of combining the optimal C terminus from a selection of 21 termini and the optimal insert position from a choice of 17 positions, in the context of a given epitope, requires a rapid screening technology that can be applied early in the manufacturing process. Therefore, an antibody-based method for detecting expression of the core polypeptide, for assembly of the polypeptide into core hybrid particles, and for assessing antigenicity of the inserted heterologous epitope was developed. This rapid screening technique was applied to lysates of transformed E. coli to assess the desirability of any given hybrid core to be produced. The influenza A virus M2 epitope serves as an example of this strategy. A series of M2-WHcAg hybrid constructs with four different C termini and three different insert sites was produced; the expression levels and assembly competence scores relative to wt WHcAg are shown in Fig. 6 . Note that all constructs harboring the native M2 sequence either assembled a Assembly and nonassembly were determined by ELISA using WHcAg assembly-dependent anti-nWHc antibody (see Materials and Methods). Boldface numbers depict insert positions that can be rescued by altering the C terminus. Numbers represent the amino acid position on WHcAg that precedes the inserted epitope, except for the NH 2 -and COOH-terminal inserts. a The amino acid sequences of these epitopes and the C termini are listed in Table 1 and Fig. 5 , respectively. Optimal combination is a relative determination based on immunogenicity of purified hybrid particles or assembly score in ELISA.
poorly (score Ͻ2) or purified as aggregates instead of core particles. Presumably the two cysteines in the native M2 sequence result in inappropriate inter-or intraparticle disulfide bridges. Therefore, an M2-specific MAb (MAb 14C2, which inhibits influenza A virus growth of most strains) (30) was tested for binding to a M2 peptide analog panel including cysteine-substituted peptides (data not shown). Because replacement of either or both cysteine residues did not affect the binding of the 14C2 MAb, hybrid core constructs carrying M2(Ϫ) inserted at position 78 were produced. The M2(Ϫ) sequence expressed in the context of the 150C C terminus still resulted in aggregates during purification. However, the M2(Ϫ) sequence inserted at position 78 in the context of the HyW-C terminus allowed assembly and was easily purified (Fig. 6) . Subsequently, other combinations of C termini and insert positions such as HyW2-M2(Ϫ)81 have been found to accommodate the M2(Ϫ) sequence.
Importance of insert charge on hybrid WHcAg assembly. In addition to the presence of cysteines, other characteristics of the insert sequence may affect hybrid WHcAg assembly. For example, during the development of WHcAg combinatorial technology it became apparent that the presence of a number of highly basic amino acids (especially K, R, and H) in candidate insert epitopes correlated negatively with the assembly of hybrid WHcAg particles. Table 5 represents a list of epitope sequences with the indicated isoelectric points (pI) and the effect on assembly of insertion of the sequences into the loop region of WHcAg. It appears from this survey that positively charged inserts (high pI) may adversely affect assembly of hybrid WHcAg particles. The pI of the wild-type WHcAg loop region (positions 76 to 82) is approximately 6.14. Because the wild-type WHcAg loop region (positions 76 to 82) is acidic, it was reasonable to predict that epitope inserts more positively charged than the wild-type sequence may have adverse effects on dimer formation (i.e., the particle subunit) and/or particle assembly. To more directly test the importance of insert epitope charge on hybrid particle assembly, several epitopes with pI values of 7 or greater, which did not permit assembly of hybrid WHcAg particles, were modified to contain the acidic amino acid glutamic acid (E) or were bracketed by glutamic acid residues. The ability of glutamic acid residues added as substitutions or bracketed around the inserted epitope to rescue hybrid core particle assembly was tested. As shown in Table 6 , in all cases the addition of glutamic acid residues rescued particle assembly on WHcAg, HBcAg, and GScAg platforms. To address the specificity of the added amino acid, various amino acids were used to "bracket" a single basic (i.e., pI ϭ 8.74) epitope sequence (OMP-2). As shown in Table 7 , only amino acids that significantly lowered the insert pI [i.e., glutamic acid (E) and aspartic acid (D)] allowed hybrid WHcAg particle assembly. Therefore, in the case of five different epitope inserts which were positively charged (pI Ն 7) and did not permit hybrid particle assembly on the WHcAg, HBcAg, or GScAg platforms, particle assembly could be rescued by the addition of glutamic acid or aspartic acid around the insert.
The position of the heterologous insert affects immunogenicity. The evaluation of the combinatorial technology has included determination of the in vivo humoral immune responses to the inserted epitopes as well as to the WHcAg carrier. Although a hierarchy of immunogenicity has been observed, most hybrid WHcAg core particles are quite immunogenic in terms of both anti-insert and anti-WHc antibody production. However, the immunogenicity of hybrid core particles composed of the same HyW-modified C terminus and the same M repeat epitope can differ depending on where the epitope is positioned (Fig. 7) . Particles with insertions in (aa 78) or near (aa 74) the loop were more immunogenic in terms of the anti-insert response than particles with fusion to the NH 2 terminus, and placement at the C terminus was poorly immunogenic both in terms of end point serum titer and delayed onset of antibody production. This correlation was not true for anti-carrier antibody production, which for the NH 2 -and C-terminal locations of the M epitope was greater than or equal to the production seen with the internal insertions (data not shown). Therefore, the position of the epitope did not alter the overall immunogenicity of the particle and the positional effects most likely reflect greater surface exposure and/or optimal spacing of the heterologous epitopes in or near the loop region. The   FIG. 6 . A list of M2-WHcAg or M2(Ϫ)-WHcAg hybrid constructs expressed in E. coli and analyzed by capture ELISAs for relative expression level and assembly competence. Lysates were sequentially screened with a MAb that preferentially recognizes denatured WHcAg and another antibody that only recognizes assembled WHcAg particles (see Fig. 2 ) and given scores (see Materials and Methods) relative to antibody binding to wt WHcAg. high anticarrier responses to the NH 2 -and C-terminally fused epitopes were also predictable, because the native loop structure and the endogenous WHcAg B-cell epitopes are intact on these hybrid core particles. The C terminus affects immunogenicity. Hybrid WHcAg particles with the M epitope inserted at the same position (position 74) but with various C termini were also compared (Fig. 8) . Particles with the native full-length (188-M74) or with the 150-3RC C terminus were more immunogenic in terms of serum titers of anti-NANP antibody as well as a quicker onset (week 2) compared to the 150 3AC and HyW C termini. The particle comprised of the 150R C terminus, which lacks a C-terminal cysteine, was weakly immunogenic. The 150R-M74 hybrid particle is the least stable in vitro and most likely in vivo, which probably explains the poorer immunogenicity results. However, factors other than hybrid particle stability may mediate the influence of the C-terminal sequence on antibody production with respect to epitopes inserted into the external loop. For example, it has been reported that mutation of aa 97 or the placement of a histidine tag on HBcAg affected antibody recognition of the loop region even though these regions are spatially distant (17) . These data suggest that modifications to the C terminus of core proteins may induce conformational changes at a distance.
DISCUSSION
We have attempted to increase the applicability of WHcAg as a VLP-based vaccine carrier by expanding the number of insertion sites (i.e., to 17) and C-terminal modifications (i.e., to 21) used. A number of self-assembling proteins have been proposed as vaccine carrier platforms. A universal and major problem has been the destabilizing effects on VLP assembly of adding or inserting foreign peptidic sequences (8) . Hybrid VLP stability has represented such a serious problem that practitio- FIG. 7 . The effect of the position of the inserted epitope (NANP) n on the immunogenicity of the malaria-WHcAg hybrid particle. The hybrid particles are identical except for the position of the insert: the NH 2 -or COOH-terminal insertion or the internal insertion at aa 78 or 74. Groups of four mice were primed with 20 g of the indicated particles in IFA. Sera were collected, pooled, and analyzed for the presence of IgG anti-NANP antibody by ELISA. Anti-NANP antibody titers are expressed as the reciprocal of serum dilution that yields three times the OD 492 value of preimmunization sera. For example, it has been stated "that the ability of different HPV chimeric L1-self peptide chimeras to assemble into VLPs is highly unpredictable, limiting the general applicability of this technique" (3). Further, "the size and nature of epitopes that can be inserted into VLPs, in particular into their immunodominant regions, is restricted and VLPs containing peptides longer than 20 amino acids often fail to assemble" (8) . Unfortunately, chemical linkage of heterologous epitopes to VLPs often compromises a number of the advantages inherent in the recombinant hybrid particle technology (i.e., 100% substitution, conservation of ordered structure, manufacturing reproducibility). Therefore, we have addressed and largely resolved this major problem by developing a "combinatorial" technology that combines the optimal insert position, C-terminal modification, and the epitope insert sequence that permits efficient self-assembly of the WHcAg platform. The limited number of insertion sites and C-terminal modifications described for the HBcAg-based VLP technology may explain the fact that less than 50% of B-cell epitopes are successfully accommodated by the HBcAg platform (8) . In contrast, the combined libraries of insertion sites and modified C termini we have accumulated for WHcAg have allowed us to be successful in attempts to insert 24 (92.3%) of 26 sequences. It is notable that the effect of the combination of insertion site modification and C-terminal modification on WHcAg is also dependent on the sequence of the inserted epitope. Therefore, three variables must be considered in designing a hybrid WHcAg particle: the insert position, the C-terminal sequence, and the epitope sequence. Because we have developed a rapid screening method to determine expression and assembly of hybrid core particles at the early bacterial lysate step, a combinatorial approach involving "shuffling" of the insert position and the C-terminal modification for each epitope of interest is feasible. But it is important to note that for eight model heterologous epitopes, eight different combinations of C terminus plus insert position were required (Table 4) . This indicates that no one "universal" WHcAg platform will suffice for all heterologous epitopes and that a combinatorial approach is necessary for the widest possible application of this technology.
Because the inserted epitope sequence can affect hybrid core assembly or stability, it is useful to perform mutational analysis of the epitope to map the necessary antibody contact residues. Nonessential residues can be subsequently replaced with lessdisruptive residues as needed. This strategy is also useful for identifying analogs with improved antibody binding. Karpenko et al. have examined the physical and chemical properties of epitope inserts that may affect the folding and assembly of chimeric proteins into HBcAg hybrid particles (9) . This study defined three parameters of the epitope insert that prevented self-assembly of hybrid HBcAg particles, specifically, high epitope hydrophobicity, large epitope volume, and a high ␤-strand index for the epitope. We report herein that the epitope charge may be a more important factor to be considered when constructing hybrid core platforms. If possible, a negatively charged epitope should be selected; however, when this is not possible, a positively charged epitope can be modified to include acidic amino acid substitutions and/or be bracketed by acidic residues to permit efficient hybrid particle assembly. The addition of acidic amino acids can be integrated directly into the platform or added to the inserted epitope. This modification may be extrapolated beyond hepadnavirus core hybrid particles. Similarly to the hepadnavirus core protein results, preferred insertion sites on many VLPs are immunodominant exposed loop structures that are accessible for antibody recognition and that may be less likely to compromise the structural integrity of the particle, in contrast to insertions into ␣-helical or ␤-sheet regions (4, 5, 7, 27) . The finding that insertion of positively charged epitopes into the exposed loop region of HBcAg, WHcAg, and GScAg disrupts assembly of hybrid particles may not to be unique to hepadnavirus core antigen VLPs. Interestingly, insertion of a highly acidic epitope (the HBcAg sequence at positions 78 to 83) into each of six distinct surface loop domains of HPV16-L1 VLPs did not disrupt hybrid particle assembly (20) . The use of acidic amino acids to neutralize a "cloud" of positive charge around an inserted epitope may represent a generally useful strategy for a variety of VLP vaccine platforms. In a previous study, an adequate balance between positive and negative charge densities of the nucleic acid and protein complex in the interior of full-length HBcAg was suggested to contribute to a more stable capsid structure (12) .
There are also practical considerations for implementing WHcAg-based combinatorial technology described in this report for real-world vaccine design. Because the combinatorial technology has the potential to produce 374 gene constructs or hybrid particles (i.e., 17 insertion sites ϫ 22 C termini) for each designated B-cell epitope, it is essential to be able to select optimal constructs early in the production process. Our approach has been to stratify the production of constructs in groups of 10 (first tier, second tier, etc.). The 10 first-tier constructs include three insertion sites within the loop (i.e., positions 78, 81, and 82) and two insertion sites outside the loop (i.e., positions 74 and 83) combined with two different C termini (HyW2 and C-Long). The 10 constructs are transformed into E. coli and grown in low-volume fermentation culture (0.5 liter). Bacterial lysates are then screened for relative levels of core protein expression, hybrid WHcAg particle assembly, and insert epitope antigenicity by use of the capture ELISAs as described above. The capture ELISAs performed with bacterial lysates reliably and reproducibly predicted the constructs that resulted in high yields of high-quality hybrid WHcAg particles after the purification process. This is a crucial and useful selection step because it eliminates many suboptimal constructs very early in the development pathway. When optimal constructs are not identified, the process is repeated with the next 10 constructs and so forth until optimal constructs are identified. In summary, the development of a combinatorial technology, together with the use of WHcAg as a platform, has significantly advanced the applicability of hepadnavirus corebased VLP vaccine design.
